Abstract 7-Dehydrocholesterol (7-DHC) accumulates in tissues and fluids of patients with Smith-Lemli-Opitz syndrome (SLOS), which is caused by mutations in the gene encoding 3β-hydroxysterol-Δ 7 -reductase (DHCR7). We recently reported that 7-DHC is the most reactive lipid molecule toward free radical oxidation (lipid peroxidation) and 14 oxysterols have been identified as products of oxidation of 7-DHC in solution. As the high oxidizability of 7-DHC may lead to systemic oxidative stress in SLOS patients, we report here lipid biomarkers of oxidative stress in a Dhcr7-KO mouse model of SLOS, including oxysterols, isoprostanes (IsoPs), and neuroprostanes (NeuroPs) that are formed from the oxidation of 7-DHC, arachidonic acid and docosahexaenoic acid, respectively. In addition to a previously described oxysterol, 3β,5α-dihydroxycholest-7-en-6-one (DHCEO), we provide evidence for the chemical structures of three new oxysterols in the brain and/or liver tissue of Dhcr7-KO mice, two of which were quantified. We find that levels of IsoPs and NeuroPs are also elevated in brain and/or liver tissues of Dhcr7-KO mice relative to matching WT mice. While IsoPs and NeuroPs have been established as a reliable measurement of lipid peroxidation and oxidative stress in vivo, we show that in this genetic SLOS mouse model, 7-DHC-derived oxysterols are present at much higher levels than IsoPs and NeuroPs and thus are better markers of lipid oxidation and related oxidative stress.
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Introduction
Free radical oxidation of lipids (lipid peroxidation or autoxidation) has been suggested to play an important role in the pathophysiology of many human diseases (Esterbauer et al 1992; Berliner and Heinecke 1996; Antczak et al 1997; Montuschi et al 1999a; Simonian and Coyle 1996; Sayre et al 1997; Fahn and Cohen 1992; Yoritaka et al 1996; Brown and Jessup 1999; Montine et al 2004; Bjorkhem et al 2009) . The propensity for peroxidation depends on the rate constants for propagation of the chain reaction, which we recently measured for various polyunsaturated fatty acids (PUFAs) and sterols in solution and in model membranes employing a "peroxyl radical clock" method (Xu et al 2009; Yin et al 2011) . We found that the rate constants of PUFA peroxidation depend on the number of bis-allylic methylene (-CH 2 -) groups with docosahexaenoic acid (DHA) being the most reactive PUFA with five -CH 2-groups, followed by eicosapentaenoic acid (EPA) with four, and arachidonic acid (AA) with three. Unexpectedly, we discovered that 7-dehydrocholesterol (7-DHC) has the largest propagation rate constant for oxidation of any lipid studied. The rate constant for 7-DHC, 2260 M -1 s -1 in solution, is 11 times that of AA, seven times that of DHA, and 200 times that of cholesterol (Xu et al 2009) . Thus, it is reasonable to expect that a consequence of the unusual oxidizability of 7-DHC would be the formation of elevated levels of its oxidation products in tissues and fluids where local concentrations of this sterol are high.
Elevated levels of 7-DHC (along with reduced levels of cholesterol) are observed in tissues and fluids of patients with Smith-Lemli-Opitz syndrome (SLOS, OMIM 270400) (Tint et al 1994; Tint et al 1995; Haas et al 2007; Kelley 1995) . SLOS is caused by mutations in the gene encoding 3β-hydroxysterol-Δ 7 -reductase (DHCR7; EC 1.3.1.21), the enzyme that catalyzes the reduction of 7-DHC to cholesterol in the last step of cholesterol biosynthesis (Tint et al 1994; Irons et al 1993; Krakowiak et al 2000; Kelley and Hennekam 2000; Porter and Herman 2011) . This genetic defect is manifested as a broad spectrum of phenotypes, including multiple congenital malformations, neurological defects, photosensitivity, mental retardation, and autism-like behavior (Kelley and Hennekam 2000; Porter and Herman 2011; Charman et al 1998; Sikora et al 2006; Bukelis et al 2007) . Presence of oxidative stress has been implicated in cell and animal models of SLOS , which could be caused by the high oxidizability of 7-DHC. Our recent work has shown that one of the 7-DHC-derived oxysterols, 3β,5α-dihydroxy cholest-7-en-6-one (DHCEO), is present in cell and animal models of SLOS (including the Dhcr7-KO mouse that is used in this study) (Xu et al 2011a, b) . We proposed that DHCEO is a good biomarker for the peroxidation of 7-DHC and we seek to determine if it is a good biomarker of endogenous oxidative stress in SLOS.
Isoprostanes (IsoPs) and neuroprostanes (NeuroPs) are well-established biomarkers of endogenous oxidative stress in tissues and fluids (Morrow 2000; Milne et al 2011) . IsoPs are a class of chemically stable compounds that are formed from free radical oxidation of AA and these compounds are generally accepted as the "gold standard" for measurement of oxidative injury in vivo. NeuroPs are a similar class of compounds formed from DHA, and are thus important in assessing the oxidative injury in brains where DHA is a major component of the lipid pool (Milne et al 2011; Roberts et al 1998; Yin et al 2005) . Elevated levels of IsoPs have been reported in a number of diseases or conditions, such as asthma (Montuschi et al 1999b) , atherosclerosis (Pratico et al 1998a) , Alzheimer (Pratico et al 1998b) , Huntington (Montine et al 2004) , and autism (Ming et al 2005) . The facts that IsoPs and NeuroPs are generally considered to be good reporters of systemic oxidative stress and 7-DHC is highly oxidizable suggest that it is essential to assess IsoPs and NeuroPs as biomarkers for 7-DHC-induced oxidative injuries.
We report here analyses in the central nervous system (CNS) and liver of developing Dhcr7-KO mice for: 1) the 7-DHC-derived oxysterols (DHCEO, 4α-hydroxy-7-DHC, 4β-hydroxy-7-DHC, and 24-hydroxy-7-DHC); 2) the quantification of these 7-DHC-derived oxysterols; 3) the fatty acid profile and quantification of total phospholipid; 4) the measurements of IsoPs and NeuroPs; and 5) the evaluation of oxysterols, IsoPs and NeuroPs as lipid peroxidation biomarkers in this genetic model of SLOS.
Materials and methods
Materials Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich Co. HPLC grade solvents (hexanes and 2-propanol) were purchased from Thermo Fisher Scientific Inc. Syntheses of [25,26,26,26,27,27,27-d 7 ]-7-DHC, [25,26,26,26,27,27,27-d 7 ]-DHCEO, 4α-hydroxy-7-DHC, 4β-hydroxy-7-DHC, and 7-ketocholesterol were described elsewhere (Xu et al 2011a, b) . NH 2 -SPE cartridges (55 μm, 70 Å, 500 mg/3 mL) were purchased from Phenomenex, Inc.
Dhcr7-KO Mice Dhcr7-KO (Dhcr7 tm1Gst/J ) mice were purchased from Jackson Laboratories (catalogue # 007453). All experimental procedures were in accordance with the NIH guidelines for the use of live animals and were approved by the Vanderbilt University Institutional Animal Care and Use Committee. Genotyping and dissection of the tissues were performed as previously described (Xu et al 2011a) . The brain and liver tissues were rapidly removed and frozen in pre-cooled methyl-butane and stored at -80°C until analysis of sterols, IsoPs and NeuroPs.
Analysis of fatty acid composition of phospholipids, IsoPs and NeuroPs Fatty acids were analyzed by GC after lipid extraction, TLC separation, and methylation at the Vanderbilt Lipid Core for fatty acid analysis (Greene et al 1991) . IsoPs and NeuroPs were quantified using gas chromatography with negative ionization mass spectrometry with selected ion monitoring in presence of deuterated 15-F 2 -IsoP (8-iso-PGF 2α ) and 18 O-labelled 17-F 4 -NeuroP as internal standards at the Eicosanoid Core Laboratory of Vanderbilt University (Morrow et al 1999; Musiek et al 2004) . Both IsoP and NeuroP were quantified in the same chromatographic run. The levels of IsoPs and NeuroPs in brain and liver were compared between wild type and Dhcr7-KO mice using student's t-test.
Lipid extraction and HPLC-MS-MS analysis of sterols and oxysterols in brain and liver The procedure was carried out as described previously (Xu et al 2011a (Xu et al , 2012a . Briefly, each collected tissue was homogenized in lysis buffer using blade homogenizer and the protein concentration was determined using Protein Dc photometric assay (BioRad). To the homogenate were added Folch's solution (5 mL; chloroform/methanol02/1 containing 0.001 M BHT and PPh 3 ), aqueous NaCl solution (0.9 %, 1 mL), and an appropriate amount of d 7 -DHCEO standard. The bottom organic phase was collected, dried under nitrogen, re-dissolved in methylene chloride (500 μL) and subject to separation on NH 2 -SPE (500 mg column; condition with 4 mL of hexanes → load sample → elute with 4 mL of chloroform/2-propanol (2/1) to collect the neutral lipids containing oxysterols). The eluted fraction was then dried under SpeedVac Concentrator and re-constituted in methylene chloride (400 μL) for HPLC-APCI-MS-MS analyses (HPLC conditions: Silica 150 × 4.6 mm column (Phenomenex, Inc.); 3 μm; 1.0 mL/min; elution solvent: 10 % 2-propanol in hexanes). Mass spectrometry analysis of oxysterol was carried out in the same way as described in detail previously (Xu et al 2011a (Xu et al , b, 2012a .
Results
Differential accumulation of 7-DHC-derived oxysterols in brain and liver of Dhcr7-KO mice Using our established method of oxysterol analysis (Xu et al 2011a (Xu et al , 2012a , we determined the profile of 7-DHC-derived oxysterols in the developing Dhcr7-KO mouse brain ( Fig. 1 and Fig. 2 ). Typically, sterol-containing lipid fractions of brain tissues of E20 or P0 mice were analyzed by normal phase (NP) HPLC-APCI-MS-MS. Representative chromatograms are shown in Fig. 2 . By comparing the retention time (RT) and MS characteristics with the synthetic (4α-and 4β-hydroxy-7-DHC, and 7-kChol) or isolated standards (24-hydroxy-7-DHC; from brain tissues of AY9944-treated rats -a pharmacological animal model of SLOS) (Xu et al 2011b) , we confirmed the presence of 4α-and 4β-hydroxy-7-DHC, and 24-hydroxy-7-DHC (structures shown in Fig. 1 ) in brain tissues of Dhcr7-KO mice while none of these oxysterols were observed in tissues of WT mice. An unknown product was observed at RT05.97-min having a retention time and MS fragmentation pattern similar to 7-kChol, but 7-kChol elutes at 5.87-min under the same chromatography conditions, which suggests that 7-kChol is not present at a significant level. A photooxidation product of 7-DHC, 5α,8α-epidioxy-cholest-6-en-3β-ol (EnP(5,8)), was found in KO-samples, but it has been demonstrated to be a product of ex vivo oxidation (Xu et al 2011b) .
By the use of the same analytical method, the oxysterol profile of the liver from Dhcr7-KO mice was also elucidated (Fig. 3) . 4α-and 4β-Hydroxy-7-DHC were observed as the major oxysterols in liver while DHCEO is a minor one. If present in liver, 24-hydroxy-7-DHC and 7-kChol were at concentrations below our limit of detection.
The levels of DHCEO, 4α-and 4β-hydroxy-7-DHC in the whole brain, brain regions, and liver of Dhcr7-KO mice (Chavko et al 1993) . Our measurements show that in WT mice, brain tissue accumulates about four times higher levels of cholesterol than liver without a detectable amount of 7-DHC (15 vs. 4.3 μg/mg, Table 1 ). In KO mice, the levels of 7-DHC in brain are about three times those in liver. While 7-DHC-derived oxysterols are present in both organs of the KO mice, their levels are different. DHCEO is a major 7-DHCderived oxysterol in the brain, but it is present at much lower In addition to tissue specific accumulation, there are differences in oxysterol profile between specific brain regions. As shown in Table 1 , oxysterols accumulate to different levels in different brain regions, suggesting that the extent of oxidation or sterol metabolism varies between regions. Accumulation of 7-DHC-derived oxysterols in the liver is more pronounced than in the brain, i.e., when normalized to the levels of 7-DHC, total oxysterol levels are ca. 2.6 ng/μg of 7-DHC in brain and ca. 15.7 ng/μg in liver. This observed difference might reflect the intrinsic differences in cholesterol metabolism between liver and the CNS, which are known to have distinct and independent cholesterol metabolisms (Dietschy and Turley 2004; Kalaany and Mangelsdorf 2006) . Biomarkers of endogenous oxidative stress (IsoPs and NeuroPs) are elevated in Dhcr7-KO mice Arachidonic acid (AA) and docosahexaenoic acid (DHA), both PUFAs, are major targets for oxidative damage and their oxidation products can serve as biomarkers of oxidative stress in the tissue. Therefore, we first examined the fatty acid composition of total phospholipids in brain and liver tissues of WT and Dhcr7-KO mice. The results are summarized in Fig. 4 . As seen in the figure, overall fatty acid levels appear to be lower in KO-samples than in WT. Even though most of the changes in liver are not statistically significant, there are some statistically significant changes in several fatty acids within brain: 14:0, 16:0, 16:01, 18:0, 18:01, and 22:6. Particularly, DHA (22:6) is lower in brains of KO-mice compared to its level in WT mice. We next evaluated if AA and DHA oxidation products, IsoPs and NeuroPs (representative structures shown in Fig. 1 ), are different between WT and KO mice. The results are presented in Fig. 5 . Overall, levels of IsoPs and NeuroPs were elevated in the livers of Dhcr7-KO mice, suggesting elevated oxidative stress in general in these tissues. In the brain, only the levels of NeuroPs were significantly higher in KO mice than in WT. However, this increase in NeuroPs levels is particularly significant considering that the levels of DHA is in fact lower in the brain of KO mice, further supporting increased oxidative stress in tissues of the KO mice.
Discussion
In the embryonic developing rodent model of SLOS, Dhcr7-KO mice, we report in this study the 7-DHC-derived oxysterol profiles for DHCEO, 4α-hydroxy-7-DHC, 4β-hydroxy-7-DHC, and 24-hydroxy-7-DHC in the central nervous system (CNS) and liver. We also report an assessment of IsoP and NeuroP levels in the brain and liver of the Dhcr7-KO mice. The presence and elevation of these lipid oxidation biomarkers strongly suggest that SLOS is a disorder that is characterized by elevated oxidative stress. The Dhcr7-KO mice used here have replacement of exon 8 with the PGK-neo cassette and this results in deletion of 1/3 of the protein from amino acids 318-471. This mouse model mimics the most frequent mutation observed in SLOS patients (IVS8-1G > C) (Fitzky et al 2001) . This mutation is not compatible with life in humans in the homozygous state. Similarly, it is lethal in Dhcr7-KO mice and newborn pups die shortly after birth (Fitzky et al 2001; Wassif et al 2001) . Highly elevated levels of 7-DHC are observed in tissues of these mice (8-DHC was not detected at a significant level), e.g., the 7-DHC/Chol ratios reach as high as 12 in KO brain tissues and 4-5 in liver (see Table 1 ), but 7-DHC is not detectable in WT brains (Xu et al 2011a) . While the free radical oxidation of 7-DHC in solution gives over a dozen oxidation products (i.e., oxysterols) with novel structures , it was not known which of these oxysterols, if any, form in vivo during the development of the mouse brain.
In addition to the previously reported oxysterol, DHCEO (Xu et al 2011a) , we found three other 7-DHC-derived oxysterols in the developing Dhcr7-KO mouse brain. Interestingly, this oxysterol profile is similar to the profile seen in the brain tissue of adult AY9944 (an inhibitor of Dhcr7)-treated rats (Xu et al 2011b) . When normalized to tissue weight, the level of DHCEO in Dhcr7-KO mouse brain is ca. 1/3 of the level in AY9944-treated rat brain (Xu et al 2011a, b) . On the other hand, the level of 4α-hydroxy-7-DHC or 4β-hydroxy-7-DHC is similar to that of DHCEO in the mouse brain (Table 1) , but is ten times that of DHCEO in the rat brain (Xu et al 2011b) . In addition to the unique 7-DHC-derived oxysterols that are present in both rodent models and absent in controls, we found highly elevated levels of 7-kChol in AY9944 rats but not in Dhcr7-KO mice. Although 7-kChol is an autoxidation product of cholesterol, it can be formed via enzymatic oxidation of 7-DHC that is catalyzed by cytochrome P450 (CYP) 7A1 (Shinkyo et al 2011) . Therefore, although 7-kChol was observed at very low levels in tissues of control rats, this oxysterol is present at significantly higher levels in tissues of AY9944-treated rats (Xu et al 2011b (Xu et al , 2012b . Future studies will inquire if these findings reflect different developmental stages (embryonic vs. adult) and/or difference in metabolism between mouse and rat and/or difference between genetic (mouse) and pharmacological inhibition of Dhcr7 (rat). Regardless of these differences, the fact that those oxysterols were found in both animal models suggests that these compounds can be used as biomarkers of 7-DHC peroxidation or enzymatic oxidation during the early development of brain.
From earlier cell culture experiments we determined that DHCEO is formed from a primary product of 7-DHC peroxidation, 7-DHC-5α,6α-epoxide (Xu et al 2011a) . 24-Hydroxy-7-DHC is apparently an enzymatic oxidation product of 7-DHC that is formed via the catalysis of CYP 46A1 (Xu et al 2011b; Lund et al 1999) . There is, however, no evidence concerning the mechanism of formation of 4α-and 4β-hydroxy-7-DHC, which could be either an enzymatic or a free radical oxidation (Xu et al 2011b; Bodin et al 2001; Bodin et al 2002; Breuer et al 1996) . As shown in Table 1 , levels of 7-DHC in the brain are some three times that found in the liver yet there is over twice the amount of 4α-and 4β-hydroxy-7-DHC in the liver than in the brain. This is in contrast to the levels of DHCEO found in the brain and liver of the KO-mice, where the levels of DHCEO are proportional to the levels of 7-DHC. While DHCEO is an apparent peroxidation product of 7-DHC and levels of product correlate with precursor concentrations, the lack of such a correlation for 4α-and 4β-hydroxy-7-DHC suggests a likely enzymatic mechanism for their formation. Interestingly, a small amount of 4β-hydroxycholesterol (the cholesterol analogue of 4β-hydroxy-7-DHC) was also detected in plasma of normal human population (Quehenberger et al 2010) . When normalized to the levels of corresponding precursors (7-DHC or cholesterol), the levels of 4β-hydroxy-7-DHC in liver of Dhcr7-KO mice (8.6 μg/mg of 7-DHC) is over 500 times higher than that of 4β-hydroxycholesterol in plasma of normal individuals (0.015 μg/mg of cholesterol), further supporting the high oxidizability of 7-DHC. Future studies will address if these specific 7-DHC-derived oxysterols are found in increased concentrations in persons with SLOS.
In addition to tissue specific differences, the analyses identified region-specific differences in oxysterol accumulation within the developing mouse brain. Cortex and midbrain accumulate more DHCEO than hippocampus and cerebellum. Cortex, midbrain and cerebellum accumulate more 4α-and 4β-hydroxy-7-DHC than hippocampus. From our previous studies we know that DHCEO reduces the neuronal viability and increases arborization of neuronal processes, the biological effects of 4α-and 4β-hydroxy-7-DHC on neurons are unknown and are currently under investigation in our laboratory. What is clear from the current study is that there is significant accumulation of several 7-DHC-derived oxysterols that may significantly alter normal developmental processes in the brain and lead to permanent changes in neuronal connectivity and metabolism. The differential accumulation of oxysterols in different brain regions might shed light on the different neurological defects observed in SLOS patients.
IsoPs and NeuroPs vs. oxysterols as lipid peroxidation biomarkers in SLOS IsoPs and NeuroPs are minor peroxidation products of their lipid precursors and are formed at very low levels (1-300 pg/mg of tissue), which are 10-1000 times less than those of oxysterols in tissues of the rodent models of SLOS (e.g., 1.4 ng/mg of DHCEO in brain tissue of Dhcr7-KO mice) (Xu et al 2011a, b) . Oxysterols can be isolated from a small amount of tissue following straightforward procedures that do not involve derivatization of the analytes. The observation of the much higher levels of metabolically stable oxidation products from 7-DHC than those found from AA and DHA may be a reflection of the relative reactivities of these lipids. In solution, 7-DHC undergoes lipid peroxidation 11 and seven times faster than AA and DHA, respectively (Xu et al 2009) . Thus, oxysterols would appear to be preferred biomarkers of oxidative stress in SLOS animal models compared to IsoPs and NeuroPs.
Oxysterols also serve as reliable oxidative stress biomarkers in a number of diseases, such as atherosclerosis (Brown et al 1997) , cataract (Pratico et al 1998a) , agerelated macular degeneration (Rodriguez and Larrayoz 2010) , and Niemann-Pick type C1 disease , and they also can exert a variety of biological activities by themselves (Schroepfer 2000; Javitt 2007; Vejux and Lizard 2009; Brown and Jessup 2009; Olkkonen and Hynynen 2009 ). 7-DHC-derived oxysterols, in particular, have been shown to be toxic to Neuro2a cells and induce similar gene expression changes in normal Neuro2a cells as those observed in Dhcr7-deficient Neuro2a cells . One of the oxysterols that is observed in vivo, DHCEO, was found to be toxic to primary cortical neuronal and glial cells in vitro and to accelerate differentiation and arborization of cortical neurons (Xu et al 2012a) . There are other potentially detrimental effects of these 7-DHC-derived oxysterols. For example, structures of 4α and 4β-hydroxy-7-DHC are similar to that of 4-carboxyl sterol and therefore these two oxysterols may interfere with the activities of C4 demethylation complex in the cholesterol biosynthesis pathway (Miller and Gaylor 1970a; Miller and Gaylor 1970b) . More importantly, 4β-hydroxycholesterol was reported to be a good ligand for LXRα in an in vitro test, indicating a critical role of the 4-hydroxylated oxysterols in cholesterol homeostasis (Janowski et al 1996) .
Clinical implications of oxidative stress biomarkers While there is compelling evidence of increased oxidative stress in the SLOS rodent models, including reports by Fliesler and co-workers Vaughan et al 2006) and our recently published studies (Xu et al 2011a, b) , there is lack of such studies on SLOS patients. Based on the identification of oxysterols in the serum of the rat SLOS model (Xu et al 2011b) , it is very likely that 7-DHC-derived oxysterols will become important biomarkers to monitor the progression of the disease and potential therapeutic outcomes. Recent studies in another disorder of cholesterol metabolism, Niemann-Pick disease, have shown that oxysterols in blood samples from affected individuals are reliable markers of the disease severity and will allow the monitoring of clinical progression and potential beneficial effects of therapies . Therefore, in addition to profiling oxysterols in the blood of individuals affected by SLOS, it is essential to identify the best antioxidant(s) and evaluate their efficacy in the rodent models. While oxysterol profile of serum samples reflects liver metabolism, it is important to analyze the similarities and differences in cholesterol metabolism and oxysterol formation between liver and brain. In addition to being promising biomarkers, reduction of the levels of these oxysterols may lead to improvement of brain function since these oxysterols are detrimental to neuronal and glial cells (Xu et al 2012a) and may cross blood-brain barrier (e.g., 27-hydroxycholesterol can cross the blood-brain barrier to the brain in human) (Leoni et al 2003; Heverin et al 2005) . From this aspect, antioxidants that can cross the blood-brain barrier may be particularly beneficial in alleviating the brain-related symptoms in SLOS patients (Packer et al 1997; Agus et al 1997; Wang et al 2002; Yang et al 2005) . Based on the current report on the elevated levels of multiple oxysterols during embryonic development in the SLOS mice, future research efforts might be directed toward detecting SLOS at an early embryonic stage and initiating antioxidant treatment in utero.
In summary, the accumulation of high levels of 7-DHC in developing brain of Dhcr7-KO mice results in enzymatic and free radical oxidation of 7-DHC, which in turn leads to the formation of detrimental oxysterols. Furthermore, altered cholesterol biosynthesis and/or resulting accumulation of 7-DHC-derived oxysterols disturbs the typical phospholipid composition of CNS and leads to increased in vivo oxidation of AA and DHA in the liver and/or brain tissues of this genetic SLOS model. Therefore, our current findings suggest that future SLOS therapeutical approaches should include reducing 7-DHC oxidation, as well as reducing 7-DHC accumulation. We suggest that the measurement of oxysterol accumulation may provide a valuable tool for monitoring potential treatment efficacy.
